We design and assess a one-dimensional photonic crystal slab fabricated by preferential etching of a silicon-on-insulator substrate. The etched grooves are considered to be infiltrated by a highly-birefringent nematic liquid crystalline material. A detailed analysis of the nematic director response within the grooves is presented. We investigate different configurations and demonstrate large band gap shifting when switching the liquid crystal with an applied voltage. Furthermore, we assess this type of device as an efficient alternative for compact refractometric optical sensing applications. Hoekstra, and R.M. de Ridder, "Quasi-one-dimensional photonic crystal as a compact building-block for refratometric optical sensors," IEEE J. Sel. Top. Quantum Electron. 11, 11-16 (2005).
Introduction
Several outstanding properties of photonic crystals (PhC) in all dimensionalities have been studied, revealed and demonstrated in the last 15 years (see for instance Ref. [1] and the special issue of Ref. [2] ). Out of the PhC family, one-dimensional (1-D) PhC have attracted somehow less attention compared to their two-or three-dimensional counterparts, as they are in principle considered no more than well known Bragg gratings. However, numerous practical devices have been fabricated from 1-D PhC for optical communication and sensing systems (reflectors, filters, dispersion compensators), and many other functions are still to be exploited, nonlinear [3] , superprism [4] , slow light [5] , and tunable properties [6] - [7] being some examples. As far as light guidance is concerned, in the plane normal to periodicity one can distinguish between in-variant material distribution (light is therefore unconfined, as in [8] ), and boundary conditions that impose a transverse confinement (i.e. trenches throughout a slab waveguide [9] , or fully etched Bragg gratings [10] ). In the following we will consider structures of the second type. Therefore, the substrate should have the structure of a classical waveguide, for instance siliconon-insulator, III-V heterostructure, free standing membranes or Si 3 Ni 4 on silica. From the manufacturing point of view, most of the PhC implemented in integrated optics are fabricated by electron beam or deep UV lithography followed by reactive ion etching. Small, precisely defined features can thus be obtained. Nevertheless, limitations in the manufacturing technology result in roughness, especially on the sidewalls of the holes [11] , and in non-verticality of the holes [12] - [13] . On the other hand, wet etching of silicon results in holes with very smooth sidewalls and well-controlled geometry as etching is nearly self stopping on the {111} crystal planes [14] . However, very limited work has been devoted to wet etched PhC. Such studies most frequently focus on deep etching of (110) silicon, so that the resulting holes can be vertical [8] . In this paper we report the design and analysis of 1-D PhC fabricated by anisotropic wet etching of (100) silicon-on-insulator (SOI) wafers. To test feasibility, we have fabricated and characterized a preliminary sample of the silicon groove structure. In addition to being simple, this technology presents the practical merit of being developed for micromachining [15] , microfluidics [16] and photonic integration [17] . Therefore, it becomes possible to infiltrate the PhC with a fluid material that may undergo changes in its optical properties under the dynamic control of external parameters, such as temperature or an electric field. Such a material can be for instance a nematic liquid crystal. Photonic crystal structures based on 2-D lattices, infiltrated with LC materials either in all holes or in a specific number of them (to generate specific defect modes) have already been discussed in the literature [18] - [21] . By analogy, the properties of the proposed 1-D SOI-based PhC structures may be controllably tuned when combined with a LC material. In this context, after evaluating the technological process and constraints, the paper theoretically studies the bandgap tuning of a novel 1-D PhC structure derived by anisotropic etching of SOI wafers. In a further approach, such 1-D PhC are also assessed as candidates for compact devices for optical filtering and refractometric sensing.
Key technological points

SOI wafers
SOI wafer geometry is characterized by the thicknesses of the top silicon layer and of the buried oxide layer. (100) SOI wafers are commercially available from SOITEC [22] with several choices of thickness for the top silicon layer and for the buried silicon dioxide (SiO 2 ). In the context of our optical studies, we have verified that a 1µm-thick SiO 2 layer is sufficient to fully optically isolate the silicon substrate.
Preferential etching of silicon
Depending on the chemical composition of the etching solution, monocrystalline silicon can be etched either isotropically (the etching rate is invariant along the crystallographic directions) or anisotropically (the etching rate does depend on the etching direction). In the latter case, specific crystallographic planes are exposed; it becomes possible then to produce a precise geometry with symmetries and homothetic properties. The most common etchants that induce preferential etching are alkaline solutions of potassium hydroxide (KOH), hydrazine, ethylenediamine-pyrocathecol (EDP), or tetramethyl-ammonium hydroxide (TMAH). The etching rate and the roughness after etching strongly depend on the concentration and the temperature of the solution. Haneveld et al. [14] have noted that a photoresist developer (OPD 4262, Olin) containing about 2.5% (in weight) of TMAH and undisclosed surfactants etches silicon at a slow etching rate of the order of 4 nm·min −1 . The etching procedure is standard and described in [17] . As the groove depth is small, we used a different product, Microposit MIF 319 developer (by Shipley) containing 2.5% wt of TMAH as well, operating at room temperature. The etching rate is 2.4 nm·min −1 . Figure 1 shows an atomic force microscope picture of a silicon rib etched on a monocrystalline silicon wafer. The rib top width is about 600 nm and thickness is 200 nm. Measurements show that the roughness on the bottom and top silicon is in the order of few nanometers, typically between 2 nm and 4 nm. On SOI wafers though, the buried oxide acts as an etch stop, therefore the roughness on the bottom should be less. On the slanted sidewalls, the roughness is measured to be between 5 nm to 8 nm. The transverse profile permits to evaluate the sidewall angle, which is measured between 50 • and 55 • -the theoretical value being 54.7 • . We have found that this angle is sensitive to the accuracy of the orientation of the wafer during lithography. The etched silicon rib of Fig. 1 demonstrates, in principle, the feasibility of fabricating well-defined silicon groove structures by the anisotropic wet etching technique proposed in the present study.
Liquid crystal
In order to achieve a wide tuning range, we consider high positive birefringence (∆n = 0.38), low viscosity nematic liquid crystals [23] , characterized by ordinary and extraordinary indices of n o = 1.55 and n e = 1.93, respectively. The static dielectric anisotropy (∆ε stat r ) of the liquid crystalline material equals 4.3, while the elastic constants can be fairly approximated by a value of K = 10 pN. By forcing reorientation out of a rest position, LCs present a choice of refractive indices with respect to the propagation of the optical field. Ideally this may continuously span between n o and n e . To our knowledge, no in-depth work exists on the alignment of liquid crystals in submicron grooves. Desmet et al. [24] reported a numerical study of the orientation along a right-angle silicon edge without alignment layer, and predicted a molecular alignment along the edge. Muravsky [26] has presented the study of a nematic liquid crystal alignment layer on a textured wafer.
Structure layout
In order to estimate the PhC properties of the 1-D proposed structures, we perform an analysis originating from two main classes of structures: (i) the first one is a reference structure ( Fig.  2(a) ) based on vertically-etched sidewalls (after a dry-etching process, or wet etching on (110) silicon), and (ii) the second one accounts for slanted walls as obtained by a wet-etching process of (100) silicon (Fig. 2(b) ), along the lines of the structure shown in Fig. 1 .
The material inside the grooves can be air, polymer or liquid crystal. The substrate is the 1µm SiO 2 layer of SOI, and the superstratum is either glass or the same materials as it is in the grooves; both layers are considered to extent to infinity in terms of optical calculations. Structures derived from the generic layout of Fig. 2 (b) are foreseen to accommodate and exhibit a number of particular features related to their fabrication: (a) the wet-etching process along the particular crystallographic direction is self-stopping and results in more well-defined structures with smooth boundaries, as already demonstrated in principle in Fig. 1 , (b) fabrication is simpler and more-tolerant to errors, and (c) LC alignment is facilitated in such geometry as compared to the counterpart of Fig. 2(a) , in particular when photo-alignment techniques are employed [25] - [26] or well-developed vacuum-based SiO x deposition techniques. 
Numerical optical studies
In the following, we consider a SOI wafer by SOITEC whose nominal silicon layer thickness is 220 nm. The refractive indices of Si and SiO 2 for the wavelength range here studied (1.3µm< λ < 2.3µm) are considered to be 3.5 and 1.45, respectively. The device of Fig. 2 (a) for a filling factor equal to 50% (d 1 =d 2 ), and n sup = n h = 1.0 demonstrates a TE bandgap between 0.194 and 0.304 in normalized units of w/λ
, as calculated using a freely available planewave expansion model [27] . It should be mentioned that this is the first (lowest frequency) TE bandgap, which lies below the light line, i.e. it refers to truly guided and not radiating modes; our analysis hereinafter focuses on the study of the properties of this bandgap. The term TE follows the slab waveguide terminology, namely the electric field is perpendicular to the plane shown in Fig. 2 . With respect to the device of Fig. 2 (b), considering a 50% filling factor as well and the presence of air above and in the grooves, the corresponding TE bandgap in normalized units was calculated between 0.2 and 0.258, using the same planewave expansion method [27] as in the case of the vertical wall structure. Although the presence of the slanted walls negates the uniformity of the vertical trenches of Fig. 2 (a) and subsequently leads to a shrinkage of the bandgap, the resulting gap-width is still significant; for the silicon slab thickness here considered (h = 220 nm), the PhC period is w = 2h/ tan(54.7 • ) 311 nm, which translates into a bandgap from 1205 to 1555 nm.
Nematic LC director orientation
In order to predict the behavior and performance of LC infiltrated photonic crystal structures, it is necessary to calculate the response of the nematic material to the application of an external field. The exact configuration of the nematic director in a confined geometry can be resolved via the minimization the Oseen-Frank free elastic energy over the material's bulk, and the solution of the resultant Euler-Lagrange differential equation [28] - [29] . Our calculations were performed under the assumption of a uniform electric field oriented perpendicularly to the substrate.
As a reference problem, we first analyzed the structure shown in Fig. 3(a) , that is a triangular groove etched in a 220 nm thick silicon slab. The electric field necessary for tuning the director orientation is applied between an ITO layer, which is placed upon the silicon slab, and the bottom conductive silicon. For clarity reasons, the buffer layer which optically isolates the ITO layer from the guiding region, in order to suppress light absorption, is not shown in the illustration. We consider that the molecules which are adjacent both at the groove's walls and the top surface lie parallel to the groove's axis (homogeneous strong anchoring conditions). In the absence of any field, the nematic director is everywhere parallel to the groove's axis. The application of an electric field tilts the LC molecules in the (yOz) plane, and leads to the formation of a director pattern, characterized locally by the tilt angle (θ ). As the field intensity raises, the tilt angle tends towards 90 o in the free bulk of the groove, while remaining zero at the anchored surfaces. This behavior may be observed in the tilt angle profiles shown in Fig. 3(b) for three increasing field intensity values, properly selected so as to illustrate in an indicative manner the progressive switching of the LC material. In order to provide a means of controlling the photonic crystal's period, and thus its optical response, we have also treated a more general structure, which is shown in Fig. 4 . The trenches in this case are trapezoidal in shape, and the structure's period equals the sum of the trapezoid's bases w 1 + w 2 ; here we consider a period of 420 nm, with w 2 = 50 nm. Another degree of freedom is also introduced, in order to account for a possible residual layer of LC material during the infiltration procedure, whose thickness is denoted by h sup . The electric field in this case as well is applied between an ITO electrode placed above the residual LC layer (and optically isolated from the guiding region by a buffer), as shown in Fig. 5(a) , and the bottom conductive silicon. Homogeneous strong anchoring conditions are assumed at the Si/LC boundary and the top surface, while periodic boundary conditions are applied at the sidewalls. The evolution of the tilt angle profile over the groove's section for an indicative set of increasing intensity values is presented in Fig. 5(b) , for h sup = 0.5µm; tilting of the LC molecules in the residual layer is more effective than in the region inside the groove, where they are restricted by the anchoring conditions. This also accounts for the fact that similar levels of reorientation are achieved in the trapezoidal groove case for lower values of the applied electric field, as compared to the triangular case (see Fig. 3(b) and Fig. 5(b)) .
A more detailed analysis regarding the tuning effectiveness for both the triangular and the trapezoidal groove structures is presented in the diagrams of Fig. 6 . For an ample range of electric field intensity values E, the average tilt angle θ av is calculated in order to provide a measure of the overall tuning capacity. It should be stressed that this averaging is calculated only over the region within the grooves, since this is the part of the LC material that plays a critical role in the generation of the PhC bandgap. Figure 6 (a) shows the dependence of θ av over the field intensity. The flattened bottom of the trapezoidal groove smooths up to a certain extent the anchoring stress as compared to its triangular counterpart, hence improving its tuning response. As the residual LC overlayer raises in thickness, the upper boundary moves away from the silicon slab, relaxing the anchoring condition at the groove's top surface; thus, for the same intensity value, tuning is more enhanced in this case than in the absence of the residual layer. Furthermore, for adequately high intensity values, the tilt angle at the groove's top surface reaches values very close to 90 • , hence the convergence of the curves corresponding to h sup =0.1, 0.5, and 1 µm in the high intensity region of the diagram in Fig. 6(a) . Since the curves of Fig. 6 (a) refer to structures of different overall thickness (h sum = h+h sup ), the voltage drop ∆V = Eh sum across the optically active LC layer differs among the examined cases. Figure 6(b) shows the dependence of θ av over the dropped voltage values that correspond to the curves plotted in Fig. 6(a) . This interpretation, which considers the values of voltage drop as a point of reference, might provide more direct insight in terms of practical applications, in case, for instance, where the applied voltage is restricted below a limited value, due to material constraints (e.g. dielectric breakdown), or manufacturing considerations (power dissipation, compatibility issues, etc.). In all cases examined, the threshold value needed to primarily induce the response of the LC molecules remains around 2.5 V, despite the increase of the overlayer thickness; this observation may be parallelized with the fact that the threshold voltage value in a simple nematic LC cell is independent of the cell's thickness. In terms of tuning efficiency, results show that in principle the best response for the cases studied is achieved for an overlayer thickness value of 100 nm. Such a small value seems to favorably compensate the increase of the overall cell thickness with the relaxation of the anchoring strength at the groove's top; on the contrary, for higher values (0.5 and 1 µm) the tuning efficiency is substantially undermined as shown in Fig. 6(b) . As a conclusive remark, for zero or small values of h sup significant tuning can be achieved for relatively low values of voltage: θ av is almost 70 • for ∆V = 10 V. 
Band-edge tuning
The bandgap tuning properties of the structure proposed in Fig. 4 were investigated by means of a fully anisotropic finite-difference time-domain (FDTD) analysis [30] - [31] . The director patterns calculated after the minimization of the free elastic energy within the grooves were introduced in a custom FDTD code capable of dealing with anisotropic materials, while the computational domain was backed by the material independent perfectly matched layer. The grid was excited with the fundamental TE mode supported by the silicon slab; given its thickness (h = 220 nm), this slab supports only one TE mode in the telecom wavelength range. The power transmission calculated at the waveguide's output for the PhC structures was normalized with respect to the transmission of an unpatterned silicon slab waveguide. Figure 7 shows the bandgaps for different values of the applied electric field for a 6-period structure of trapezoidal grooves, as shown in Fig. 4 , where we assume no residual LC overlayer (h sup = 0). The superstrate in terms of the calculations is characterized by an index of 1.45 (glass slide). For E = 0 V/µm, all LC molecules lie along the groove's axis; thus, the TE polarized field senses a uniform material in the groove with an index of n e = 1.93. As the field intensity increases, significant tuning is achieved and the bandgap progressively broadens. The observed bandgap tuning follows as a result of the switching of the LC material in the groove, which is estimated by the red curve in Fig. 6(a) . The high-frequency band-edge is shifted by more than 75 nm as the value rises from 0 to 54 V/µm (∆V from 0 to 12 V), while power transmission at 1550 nm drops from 0.686 for E = 0 V/µm down to 0.046 for E = 54 V/µm (an extinction ratio of 11.7 dB).
The impact of the thickness of the residual LC overlayer that may be present after the infiltration of the grooves as a consequence of manufacturing imperfections is assessed in Fig. 8 . In order to provide a more practical interpretation, transmission curves of the photonic crystal for various values of h sup were calculated, assuming a constant voltage drop equal to ∆V = 5V. As presented in Fig. 8 , the shifting of the bandgap's high-frequency edge is comparable for the ideal case of zero overlayer and that for h sup = 100 nm. Nevertheless, as h sup grows larger, the bandedge shifting is significantly suppressed, due to the respective reduction of the LC switching efficiency as demonstrated in Fig. 6(b) . Although it seems that a very thin residual layer does not severely undermine the tuning capacity of the structure, in practice the overlayer's thickness should be better kept as low as possible. The addition of such a LC overlayer raises the overall thickness of the optically active region (and the corresponding voltage drop needed to achieve tuning of the LC molecules in the grooves), without notably contributing in the bandgap formation, since this extra LC material is superposed above the photonic crystal structure. In order to associate the bandgap formation with the nematic director patterns that correspond to different field values in a more systematic manner, a comparison was initially made between results obtained by runs with LC director patterns (for h sup =0) and the corresponding results for a PhC structure where the grooves are assumed to be filled with a uniaxial anisotropic material, with its axis fixed along the direction indicated by the average tilt angle of the realistic LC patterns. The results are shown in Fig. 9 ; the curves calculated with a fixed tilt angle provide a relatively fair approximation in terms of defining the bandgap edges. Hence, from measurements of the bandgap tuning of real devices, one can understand in principle the behavior of LC confined in such submicron geometries. This may provide answers to fundamental surface and volume physics of LCs.
As a further step towards the characterization of the device, a bandgap reference map was created by calculating the transmission curves for the structure, assuming that the grooves are filled with an isotropic fluid with an index varying between n o =1.55 and n e =1.93. Afterwards, anisotropic FDTD runs were carried out for a series of realistic nematic patterns corresponding to averaged tilt angles θ av between 0 and 90 • , and for uniaxial materials with fixed tilt angles of equal value. Each transmission curve obtained was optimally matched to one of the set of reference curves corresponding to an equivalent isotropic index (n iso,eq ) by calculating a minimum least square error. The final results associating the bandgap properties of an anisotropic structure with the equivalent isotropic index filling the grooves are shown in Fig. 10 . It can be observed that the average tilt angle curve provides a fair approximation for the curve obtained for the various realistic LC patterns, especially for large angles, although it always tends to underestimate the tuning efficiency, which accounts for the relative difference with respect to the n e value. It seems that the presence of a highly tilted core within the groove (as depicted in Fig. 3(b) ) plays a more significant role in the bandgap formation than the anchored surfaces; the substitution of this specific nematic director modulation in the grooves with an averaged tilt value tends to a slight underestimation of the resulting bandgap's width. 
Refractometric optical sensing
By substituting the LC with another fluid that may experience a variation of its refractive index under an external stimulus or the modification of certain parameters or conditions, the photonic crystal structure under study may also be used as a sensor, similar to [32] . Figure 11 shows the layout of such a refractive index sensor device; both the grooves and the superstratum are covered with a measurand isotropic fluid whose index is denoted as n s . In order to provide efficient performance, a sensor device should ideally be capable of measuring small variations of the refractive index in a wide dynamical range. In an attempt to evaluate the sensing capability of the proposed PhC, we plot at first in Fig. 12(a) a family of curves depicting the normalized transmittance coefficient of the PhC structure studied in 4.2 for a given index range of the measurand fluid (1.6 < n s < 1.9), where the thickness of the fluid overlayer is considered to be infinite. We have observed that for an overlayer thickness of more than 0.5 µm the results are not notably affected, since light is mainly confined in the silicon slab; thus, the exact value of the overlayer in practical applications in not expected to play a critical role, as long as it exceeds a threshold value of ≈ 0.5µm. Optimum sensing efficiency is expected at wavelengths where transmission is greatly affected by small changes of n s . It can be derived from Fig. 12(a) that the sensing wavelength should be chosen in the range of the high frequency band-edge shifting. Here we have chosen a testing wavelength of 1579 nm. Using the definition of sensitivity S given in [32] 
S =
where P is the transmitted power and n s the refractive index of the measurand fluid. Figure  12 (b) shows the changes in transmission for the trapezoidal groove PhC structure, as well as the sensitivity of the sensor at 1579 nm over the refractive index n s . The sensitivity slightly varies around a mean value of approximately 12 in the range 1.6 < n s < 1.75. For a simple photodetector setup with a resolution η of 0.1% in power detection, the minimum detectable cladding index change in this case is assessed to be ∆n = η/S 8×10 −4 . It should be mentioned that the response of the sensor in this dynamical range, which covers a total index change of about 0.15, is almost linear. To compare this result with the sensitivity demonstrated in classical resonators, we have calculated that a Fabry-Pérot cavity with R = 0.9 mirrors and thickness d = λ /(2n o ) can yield higher levels of sensitivity, but within a smaller range (S > 20 for 1.51 < n < 1.59, with sensitivity dropping in a wider range) and exhibiting a less linear behavior. Moreover, given that the bandgap formation mechanism is more or less similar for different refractive indices of the isotropic material filling the grooves, similar performance should also be expected for different ranges of n s , by properly selecting a wavelength around the corresponding band-edge shifting regime. Further improvements in the minimum detectable signal should be possible by using synchronous (lock-in based) acquisition techniques. Finally, the proposed slanted geometry is also expected to ensure smoother flow of the measurand material along the grooves, as well as to facilitate the necessary procedure to rinse the structure in order to blank/reset the sensor, as compared to its vertical wall based counterpart.
Conclusion
We have exploited the micromachining properties of silicon to design a novel PhC structure, made to ease the fabrication process and achieve smoother surfaces. The nematic director orientation in submicron grooves etched in silicon has been extensively studied. A PhC based on this kind of structure exhibits a photonic bandgap for TE polarized light. By infiltrating it with a nematic LC, we demonstrated a tunability of more than 75 nm for the air band-edge, with an extinction ratio of about 12dB. The tuning properties of such structures were studied in a systematic way, in order to provide a rapid association of the applied electric field voltage with the resulting bandgap properties of the photonic crystal. In a reverse approach, from the bandgap-edge tuning one may deduce valuable information of the LC orientation, when confined in submicron grooves. Finally, the same structure was also studied in the context of refractometric optical sensing applications. A quasi-linear response to refractive index changes with satisfactory sensitivity levels was calculated for a wide dynamical range.
